ABSTRACT The relative capacities of oligodeoxynucleotides, covalently linked to cellulose, to bind estradiol receptor complexes (E2R) of mouse uterine cytosol have been shown to follow the order oligo(dG) > oligo(dT) 2 oligo(dC) >> oligo(dA).
to Cibacron blue F3GA than is ER oligo(dG)-cellulose or ofigo(dC)cellulose binding. Preformed ERoligo(dT) or ohigo(dC)-cellulose complexes are dissociated more readily by lower concentrations of KCI or Cibacron blue F3GA than is the E2%Roligo(dG)cellulose complex. Preincubation of ER at 370C results in a rapid loss of binding ability towards oligo(dT) and oligo(dC)cellulose, while up to 90% of the binding ability to oligo(dG-cellulose is retained. On the basis of the differential sensitivities of E2R to temperature and the inhibition by Cibacron blue F3GA of the binding reaction, it is suggested that the polynucleotide-binding domain consists of two types of subsites, one of which has a higher affinity for oligo(dG) residues and the other of which recognizes oligo(dT), oligo(dC), and, to a lesser extent, oligo(dA).
Of the components necessary for nuclear binding of estradiol-receptor complexes (E2R), DNA, alone or in cooperation with specific chromosomal proteins, appears to be of prime importance. Cytosol receptor complexes from various target tissues are DNA-binding proteins and, even with crude preparations, it is apparent that the receptor proteins contain at least two distinct domains: the binding sites for steroid ligands and those for polydeoxynucleotides. The separateness of these sites was demonstrated for E2R and other steroid receptors by studying the effects of limited proteolysis (1) . Under these conditions, DNA binding was abolished without affecting retention of the steroid. Subsequent studies with a series of inhibitors, including pyridoxal 5-phosphate (2-4), aurintricarboxylic acid (5) , and Cibacron blue F3GA (CB) (6) showed loss of nuclear, DNA, and oligodeoxynucleotide binding without affecting the steroid-binding site.
While these experiments indicated that a polydeoxynucleotide binding domain exists in E2R, they offered little information about what elements of DNA were recognized by the receptors. Despite some early reports, the binding to DNA of E2R is neither saturable nor specific as to the source of the DNA, at least under current experimental conditions (7) (8) (9) . Yet the process is apparently not random, because preferences in binding have been reported for double-stranded DNA rather than single-stranded DNA (10), poly(dA-dT) rather than other synthetic polymers (11) , and bromodeoxyuridine-substituted DNA rather than unsubstituted DNA (12) . Furthermore, Simons (13) demonstrated by competition equilibrium experiments that glucocorticoid receptors bind preferentially to natural DNAs rather than to synthetic polydeoxynucleotides.
Another approach to study the specificities of the polynucleotide domain of E2R has been the use of oligodeoxynucleotide-celluloses, in which the oligomer is covalently bound through the 5'-phosphate to the support matrix (14) . After the report of Thrower and his coworkers on the partial purification of rat uterine cytosol E2R with oligo(dT)-cellulose column chromatography (15) , our group studied the conditions for binding of E2R from mouse kidney and uterus to oligo(dT)-cellulose (16) The interaction was found to be salt dependent, with optimal binding occurring at isotonic concentrations, low temperatures, and pH 7.6. An unexpected result of this study was that mouse kidney cytosol E2R showed a marked binding preference for oligo(dT)-and oligo(dC)-cellulose rather than for oligo(dA)-cellulose. This result indicated that, in addition to the electrostatic interactions between cationic amino acid side chains of the receptor protein and backbone phosphates of the oligonucleotide, the recognition site could discriminate among the nucleotide bases.
In this report we present evidence that in the binding of mouse uterine cytosol E2R a distinct order of specificity among oligomers exists such that oligo(dG) > oligo(dT) 2 oligo(dC) >> oligo(dA), whereas oligo(dI) is essentially unreactive. This is shown by differences in binding to the various oligonucleotide celluloses, sensitivity to inhibition of binding by CB, and the stability of preformed E2R oligodeoxynucleotide-cellulose complexes under various conditions. Furthermore, evidence is presented to indicate the existence of labile and stable subsites in the polynucleotide-binding domain. The former seem to be less specific for the nucleotide base structure, whereas the latter are specific for oligo(dG). range of 2-18 (mean length, 10) for oligo(dC), oligo(dA), oligo(dG), and oligo(dI), while oligo(dT)-cellulose was of two types. Type 1 contained chains of 12-18 (mean length, 15) and Type 2 contained chains of 2-18 (mean length, 10). The total nucleotide content varied from 10 to 20 mg/g of cellulose. In all cases, the oligonucleotides were attached to the cellulose matrix by the method of Gilham (14) . Cellulose powder used in the preparation of oligodeoxyribonucleotide celluloses was pretreated according to the procedure described by Alberts and Herrick (17) . Cellulose used for determining the non-oligodeoxyribonucleotide binding (blank cellulose) was obtained from the same source. The calf thymus histone, histone 2B (H2B), was from Worthington. Cibacron blue F3GA (CB), a sulfonated polyaromatic blue dye, was a gift from CIBA (Basel, Switzerland).
MATERIALS AND METHODS

Female
The methods for preparation of mouse uterine cytosol have been published (6, 16) . Uterine cytosol was incubated with
[3H]estradiol at a final concentration of 9 nM for 90 min at 4VC.
Testosterone was included at 1.2 AiM to saturate non-estradiol-binding sites. Free [3H]estradiol was separated from macromolecule-bound steroid with charcoal/dextran. In a parallel incubation, unlabeled estradiol was present at 0.8 tiM.
Specific hormone binding was calculated as the difference in macromolecule-bound [3H]estradiol in the absence and presence of a nearly 90-fold excess of unlabeled hormone. The specific binding of uterine cytosol was 90-95%. The cytosol preparations were stored under liquid nitrogen; dissociation of steroid after storage for a month was minimal. Upon thawing, cytosol was used in the binding reaction without preliminary elevation of temperature or alteration of ionic strength. Binding of labeled E2R to oligodeoxynucleotide-celluloses was performed batchwise. A typical reaction mixture (0.6 ml total volume) consisted of 5 mg of oligomer-containing cellulose or blank cellulose, the KCI concentration as indicated in the text, TED buffer (0.01 M Tris-HCI, pH 7.6/0.001 M EDTA/0.001 M dithiothreitol) and 50-100 fmol of [3H]E2R. After mixing on a multipurpose rotator for 60 min at 4°C, the mixtures were centrifuged in a Beckman Microfuge for 2.5 min. The pellets were washed once with 0.6 ml of 0.15 M KCI in TED, and the radioactivity associated with the washed cellulose pellets was measured in a Beckman LS-250 scintillation counter, using Biofluor scintillation fluid. The amount of E2R-oligodeoxynucleotide complex was deduced from the difference between radioactivity retained by the oligomer-containing cellulose and that by cellulose alone. In the studies of release of E2R from preformed E2R oligodeoxynucleotide-cellulose complexes, the binding reactions took place as described above, and the wash with 0.15 M KCI/TED was included. After the wash, the pellets were suspended in TED and various salt concentrations or various CB concentrations in 0.15 M KCI/TED. The suspensions were rotated for 90 min at 40C and centrifuged, and the pellets were suspended in TED for determination of the residual radioactivity. Blank cellulose duplicates were included to assess non-oligonucleotide binding, which was less than 10% of the experimental values.
Protein concentrations were determined by the method of Schaffner and Weissman (18) . Cellulose-bound oligodeoxynucleotide phosphate content was determined by the method of Chen et al. (19) . By this analysis, it was determined that the cellulose from Collaborative Research contained 10-20 mg of oligodeoxynucleotide per g of cellulose, while the oligo(dA)-, oligo(dT)-and oligo(dC)-cellulose from P-L Biochemicals contained 30-40 mg of oligodeoxynucleotide per g of cellulose. An absorptivity of 13.6 mM'1 cm1 at 610 nm (20) was used in preparing aqueous solutions of CB at required concentrations.
RESULTS
A Comparison of Oligonucleotides in the Binding of E2R.
Earlier studies had indicated that E2Rs discriminated among different oligodeoxynucleotide templates (16) . We have now extended these studies to include oligo(dG)-and oligo(dI)-cellulose, using mouse uterine cytosol E2R. Because the binding to the other oligonucleotides was optimal over a limited concentration of monovalent cationic salts, the effect of KCI concentrations on E2R binding to oligo(dG)-cellulose was examined. The results are shown in Fig. 1 . KCl stimulation of binding of E2R to oligo(dG)-cellulose was observed with an optimum at 0.15 M. The binding of oligo(dG)-cellulose was like that of the other oligonucleotides in sensitivity to salt concentration, and the uptake of E2R was in the same range as that observed with oligo(dT)-cellulose.
The uptake of E'R by the different oligodeoxynucleotides was measured by using equivalent amounts of cellulose-bound oligonucleotide. The results are shown in Table 1 , and as indicated there were marked differences in the binding of E2R to ligands. Uterine cytosol E2R bound to ligands in the following
The binding activity of oligo(dG)-cellulose was unexpected, because oligo(dA)-cellulose was shown previously to be an inefficient template (16) ; this inefficiency was substantiated in the present study with oligo(dA)-cellulose from a different manufacturer. The marked difference between oligo(dG)-and oligo(dI)-cellulose binding indicates that the 2-amino group of dG is a major recognition determinant. Among the other oligomers, the extent of binding of uterine E2R to oligo(dT)cellulose was greater than with oligo(dC)-cellulose. Both oligodeoxypyrimidines demonstrated far greater binding than did oligo(dA)-cellulose, a result already reported for the binding of mouse kidney cytosol E2R (16) .
Inhibition of E2R Binding to Oligonucleotide-cellulose with CB. The sulfonated polyaromatic dye CB has been shown to be the most potent inhibitor of the binding of E2R to either DNA-or oligo(dT)-cellulose, with an effective concentration range below 6 ,uM (6) . The inhibitor is competitive with respect (Fig. 3A) . The (Fig. 4) . The decrease in oligo(dC)-and oligo(dT)-cellulose binding was rapid, occurring at 5 min or less of incubation at 370C. Binding to oligo(dG)-cellulose, however, was slightly reduced compared to that seen after preincubation at lower temperatures. The small amount of E2R binding to oligo(dA)-cellulose was eliminated at 370C (data not shown). Preincubation of the cytosol with hypotonic (TED) or isotonic salts (0.15 M KCI in TED) made no difference in the relative stabilities of the binding activities.
The lability of oligo(dT), oligo(dC), and oligo(dA) ligandbinding activities was also apparent after partial purification of E2R. In a previous study, mouse uterine cytosol E2R was enriched about 7-fold by adsorption to oligo(dT)-cellulose at low ionic strength and subsequent elution at 0.5 M KCI in TED (21) . After this procedure, the capacity of E2R to rebind to oligo(dT)-cellulose was reduced or eliminated, but the activity could be restored by addition of H2B during the binding re-100 ,Oligo(dG) Preincubation time, min  FIG. 4 . Effect of preincubation of E2R at 370C on binding to oligodeoxynucleotide-celluloses. E2R was incubated for times indicated at 370C. At the end of the incubation, free estradiol was removed by treatment with charcoal/dextran and binding assays with oligo(dG)-, oligo(dC)-, and oligo(dT)-cellulose were carried out, using aliquots representing equivalent quantities of E2R. Incubations were at 40C for 90 min. In each case the amount of bound E2R that had not been preincubated (O min controls) represents 100%. In this experiment, the oligo(dT)-cellulose was type 2. E2R-oligo(dG)-or oligo(dT)-cellulose complexes were formed under standard binding assay conditions. Elution of bound E2R was achieved by using 0.5 M KCL Samples (0.2 ml) of the eluates were used in the rebinding assay with fresh oligodeoxynucleotide-celluloses in a total volume of 0.6 ml so that the final concentration of KCl was 0.15 M. H2B was added to the rebinding assay at 50 ,g where indicated.
In this experiment, type 1 oligo(dT)-cellulose was used.
action. The range of oligodeoxynucleotide interactions of similarly purified E2R was determined in the present study, and the results are presented in Table 2 On the basis of the observations of differential sensitivity to elevation of temperature and the process of adsorption and desorption to oligonucleotide-containing matrices, we propose that there are at least two types of subsites within the polynucleotide-binding domain of the estradiol receptor protein. These are designated as the G site(s) associated with oligo(dG) recognition and the N site(s) seen in interactions with the other oligodeoxynucleotides. DISCUSSION A major gap in the available information about nuclear localization of E2R is the failure to identify limited lengths of the species-homologous DNA containing high-affinity binding sites for the receptor complex. In the absence of data on the nucleotide sequences of such fractions, use of immobilized oligodeoxynucleotides offer a means for defining some of the structural requirements that underlie the binding reactions at the polynucleotide domain of the receptor protein. The results of the present study provide evidence to support two conclusions and suggest a hypothesis about these requirements as applied to the mouse uterine cytosol complex. The first is that, in addition to being sensitive to electrostatic interactions between cationic groups of the receptor protein and the phosphate moieties of the oligonucleotide backbone, the binding of the receptor can discriminate between the available nucleotide bases. Simons (13) reported that, in competition equilibria experiments, glucocorticoid receptor complexes bound more avidly to native DNA than to the synthetic heteropolymers poly(dA-dT) and poly(dG-d). This finding suggested that the receptor recognition process involved a more complex discrimination than the electrostatic interactions, which should have been the same for all the polynucleotides examined. The different activities exhibited by the mouse uterine E2R again indicate that, even for oligonucleotides of similar chain length, the nucleotide base is a factor in the binding reaction. This suggests that, even if there is not a unique DNA segment of extremely high binding avidity as in the lac operon, there are prevalent binding sites for E2R that contain the more active nucleotides.
The second conclusion is that for mouse uterine E2R there is a definite order of binding among the oligodeoxynucleotides: oligo(dG) > oligo(dT) 2 oligo(dC) >> oligo(dA) > oligo(dI). The difference between the dG and dI oligomers is significant because they differ by an amino group at the 2 position of the base. In x-ray crystallographic studies of poly(rG) and poly(rI), Zimmerman and coworkers (22) found the secondary structures of the two polymers to be virtually identical in that both form a stacked structure of nucleotide tetramers. Comparable data are not available on the secondary structure of the oligomers, but it is probable that oligo(dG) and oligo(dI) do not differ significantly, especially at the temperature and salt conditions of the binding reaction (40C, 0.15 M KCI). However, the 2-amino position of dG, apparently recognized by E2R, lies in the minor groove of the Watson-Crick double helix (23) . This factor may be of importance in the productive binding of E2R as opposed to the immediate uptake of the receptor complex by DNA. Horwitz and McGuire (24) report that dG-dC intercalating agents inhibit the complex series of reactions involved in nuclear processing of E2R in MCF-7 cells-i.e., loss of nuclear bound steroid and induction of the progesterone receptor. Kallos and Hollander (11) found that actinomycin D inhibited binding of rabbit uterine E2R to DNA cellulose by about 25%. There is a discrepancy between the results obtained by these authors, using poly(dA-dT) and poly(dG-dC) as competitors for binding to DNA-cellulose, and the present study, in which covalently bound oligonucleotides were used. Poly(dA-dT) was more effective in preventing E2R uptake than was poly(dG-dC). This may represent the difference between soluble nucleotide chains of great length and shorter immobilized oligomers. In other studies, Sluyser and coworkers (25) found that calf uterine 5S receptor complex bound to poly(dG-dC), poly(dA-dT), and poly(dT), apparently to the same extent.
The hypothesis is that the polynucleotide domain contains structural subsites that are distinguished by the differential sensitivity of the binding activities to environmental perturbation. We have designated these as the G sites, apparently involved in binding to dG, and the N sites, at which dC, dT, and, to a much lesser extent, dA residues bind. This was indicated by the stability of the G sites to heat and the processes of affinity chromatography. Recently, it was observed that pyridoxal 5-phosphate, an inhibitor of polynucleotide binding of glucocorticoid receptors (2) , and progesterone receptors (3, 4) , blocks oligo(dT)-and oligo(dC)-cellulose binding of E2R at markedly lower concentrations than are effective with oligo(dG)-cellulose (26) . The presence of two subsites provides a structural basis for a two-base-pair recognition within the DNA helix, which has been proposed as necessary for specific protein-DNA interaction (23) .
After completion of this manuscript, a symposium report by King (27) came to our attention. Using polynucleotides affixed to filter paper discs, he found that uterine E2R bound in the following order: poly(rG) > poly(rC) > poly(rA) > poly(rI). 
